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Abstract 

A three-dimensional and time-dependent numerical model i s  

used  t o  s imula te  thermal convection imbedded i n  a shear  flow i n  a 

r o t a t i n g  atmosphere. T h e  f l u i d  is confined t o  a plane p a r a l l e l  

l a y e r  w i t 3  pe r iod ic  side boundaries, and t h e  r o t a t i o n  vec tor  is 

t i l t e d  from the v e r t i c a l  t o  represent  a low-lat i tude region. A n  

e a s t w a r d  mean flow is imposed which i s  cons tan t  with depth b u t  

has a j e t - l i k e  p r o f i l e  i n  l a t i t u d e .  

a p resc r ibed  v e r t i c a l  temperature d i f f e r e n c e .  

between t h e  shear  f l o w  and the convection e x t r a c t  energy from t h e  

mean flow and decrease the mean shea r  i n  t h e  nonro ta t ing  case.  

In the presence of r o t a t i o n ,  however, the convection can feed 

energy i n t o  t h e  je t  and enhance the mean shear .  

c i r c u l a t i o n s  a r e  a l s o  produced by the e f f e c t s  of r o t a t i o n .  The 

C o r i o l i s  fo rce  on the v e r t i c a l  f lows in t hese  c i r c u l a t i o n s  

c o n t r i b u t e s  t o  the changes i n  the mean zonal wind. Three 

r o t a t i n g  cases  a re  examined which show t h i s  behavior i n  varying 

degrees .  

convect ion can produce t h i s  countergradien t  f l u x  of m o m e n t u m  in a 
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A simple mechanism is described which expla ins  how the 
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:gotating layer- Although the system studied is highly idealized, 

it exhibits momentum f luxes  and wave-like patterns which, for  

certain parameter values, are similar to  those observed on . 

Jupiter. 
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.PI INTRODUCTION 

Thermal convection plays a c e n t r a l  role i n  gene ra t ing  many 

geophysical and a s t r o p h y s i c a l  flows. I n  a d d i t i o n  t o  i t s  primary 

role of t r a n s p o r t i n g  heat, convection can a h ?  d r i v e  global 

c i r c u l a t i o n s  i n  rotat ing stars and p l a n e t s .  Although meridional  

c i r c u l a t i o n s  and d i f f e r e n t i a l  r o t a t i o n  can be d r iven  d i r e c t l y  by 

thermal g rad ien t s ,  convection has also been shown t o  be a n  

e f f i c i e n t  d r ive r  of these flows [e.g. Gilman (1977)# Russe (1982, 

1983a) ,  Hathaway and Somerville (1983) and r e fe rences  t h e r e i n ]  . 
Gilman (1977) 8 Glatzmaier (1984) and Gilman and Miller 

(1986) have shown by numerical s imula t ion  tha t  the Sun ' s  

d i f f e r e n t i a l  r o t a t i o n  is a n a t u r a l  consequence of the e f f e c t s  of 

r o t a t i o n  on convection i n  a t h i c k  r o t a t i n g  s p h e r i c a l  shel l  of  

f l u i d .  Weak meridional c i r c u l a t i o n s  are also produced i n  these 

s imula t ions .  Gilman and Mil ler  (1986) have also shown tha t  the 

shear i n  the d i f f e r e n t i a l  r o t a t i o n  can feed back on the 

convect ion,  a l t e r i n g  the  shape of the convect ive eddies so that  a 

new ba lance  is  achieved i n  maintaining a s t r o n g e r  d i f f e r e n t i a l  

r o t a t i o n .  Hathaway and S o m e r v i l l e  ( 1986) have examined 

a d d i t i o n a l  examples of this  p o s i t i v e  feedback mechanism i n  

numerical  s imula t ions  of convection imbedded i n  a mean f l o w  w i t h  

a v e r t i c a l  shear. Nonlinear i n t e r a t i o n s  such as these, between 

convec t ive  eddies and mean f l o w s ,  may a l so  p lay  an important ro le  

i n  d r i v i n g  the g loba l  c i r c u l a t i o n s  of J u p i t e r  and Saturn.  

Russe (1976) has suggested tha t  large scale convect ion 

w i t h i n  J u p i t e r  and Sa turn  may be r e spons ib l e  fo r  the m u l t i p l e  j e t  

s t r e a m s  seen  i n  the d i f f e r e n t i a l  r o t a t i o n  p r o f i l e s  of these 
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-- - “ p l a n e t s  . Observat ional ly ,  Beebe et a1 . (1980), Ingersoll e t  al .  

(1981) and Sromovsky e t  al. (1982) have found that  the cloud 

motions i n  J u p i t e r ’ s  atmosphere i n d i c a t e  a t r a n s f e r  of energy and 

momentum from nonaxisymmetric eddies  i n t o  the axisymmetric zonal  

winas. The n a t u r e  of these eddies remains a i u b j e c t  of debate 

and thermal convection cannot be ru l ed  out .  Models for the 

i n t e r n a l  s t r u c t u r e  of J u p i t e r  and Sa turn  [Hubbard and 

Smoluchowski (19731, Graboski e t  a l .  (19751, Slattery (19771, 

DeCampli and Cameron (19791, and Hubbard and Horedt (198411 

i n d i c a t e  that  the thermal s t r a t i f i c a t i o n  is supe rad iaba t i c  

throughout near ly  a l l  of their i n t e r i o r s .  Recently,  I n g e r s o l l  

and Po l l a rd  (1982) and Busse (1983b) have shown i n  m o r e  de t a i l  

. .  

h o w  convection, i n  the form of columns a l igned  with the r o t a t i o n  

a x i s ,  may d r i v e  the zonal jets on these p lane t s .  

H e r e  w e  consider the p o s s i b i l i t y  t ha t  nonl inear  i n t e r a c t i o n s  

between s m a l l  scale thermal convection and a r o t a t i n g  shear flow 

might also be important f o r  the dynamics of the atmospheres of 

J u p i t e r  and Saturn.  Our approach is  to s tudy a mechanism i n  

i s o l a t i o n  r a t h e r  than attempting t o  inc lude  a l l  the  necessary 

phys ics  required for a r e a l i s t i c  s imula t ion .  T h e  p a r t i c u l a r  

mechanism of i n t e r e s t  i s  i l l u s t r a t ed  i n  Figure 1. W e  cons ider  a 

sheared zonal wind i n  the form of an atmospheric j e t  stream and 

inc lude  convective motions imbedded i n  t h i s  flow. I f  the 

convection is d i s t o r t e d  by the shear  flow t o  form a chevron-like 

or herringbone p a t t e r n  then the e f f e c t s  of r o t a t i o n  can produce a 

f l u x  of momentum i n t o  the jet. Without r o t a t i o n  the convecting 

f l u i d  f l o w s  d i r e c t l y  from an u p d r a f t  t o  a downdraft. I n  t h i s  

2 
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' convec t ive  f l o w  pa t te rn '  the f l u i d  moving toward the maximum of 

the jet carries w e s t w a r d  momentum w h i c h  converges on the j e t  and 

decreases the eastward flow. W i t 3  r o t a t i o n  the convect ive f l o w  

is t u rned  by the Coriolis force. This produces a component of 

the f l o w  a long the axes of the  convec t ive  rol is .  I n  t h i s  f l o w  

p a t t e r n  the f l u i d  moving toward the maximum of the je t  carries 

eastward momentum which converges on the j e t  and inc reases  the 

eastward f l o w .  This s impl i f ied  exp lana t ion  presumes the 

e x i s t e n c e  of the je t  as w e l l  as the product ion of a chevron-like 

convect ion p a t t e r n .  I t  neglec ts  any competing processes. While 

the re levance  of th i s  mechanism for  J u p i t e r  is  unce r t a in ,  it does 

show q u i t e  simply how convection i n  the presence of r o t a t i o n  

m i g h t  feed momentum i n t o  a mean zonal  f l o w .  

The product ion of this chevron-like convect ion p a t t e r n  

r e q u i r e s  an i n t e r a c t i o n  between L\e convect ion and the shear flow 

w h i c h  is s i m i l a r  i n  na ture  t o  the p o s i t i v e  feedback mechanism 

described by Gilman and Mil ler  (1986) and Hathaway and Somervi l le  

(1986). I n  order t o  de termine  w h e t h e r  such a p a t t e r n  might be 

genera ted ,  and t o  see how the  convect ive motions i n t e r a c t  w i t h  

the zonal  wind, w e  numerically s imula t e  the f u l l y  non l inea r  

convec t ive  motions i n  a r o t a t i n g  shear f l o w .  T h e  three- 

dimensional and time-dependent numerical model is described i n  

the next  s ec t ion .  The r e s u l t s  of the c a l c u l a t i o n s  are described 

i n  the following sec t ion .  "he r e s u l t s  i l l u s t r a t e  the e s s e n t i a l  

f e a t u r e s  of a process  by w h i c h  convect ion might i n f luence  the 

large-scale dynamics of r o t a t i n g  stars and p l a n e t s .  

3 
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?. TEE MODEL 
2- 

W e  have chosen an idea l ized  system for  this study. Although 

we’use the f u l l  nonl inear  equations f o r  a f l u i d  w i t h  both viscous 

and thermal d i f f u s i o n ,  w e  a s s u m e  that the f l u i Q  is Boussinesq, 

i.e. of cons tan t  d e n s i t y  e x c e p t  f o r  buoyancy effects due  t o  

temperature.  

pos i t i oned  tangent  to the planet  a t  a l a t i t u d e  + as shown i n  

F igure  2. Although w e  neglect  the e f f e c t s  of curva ture ,  w e  

i nc lude  both the v e r t i c a l  and the ho r i zona l  components of the 

r o t a t i o n  vector .  O u r  representa t ion  of the inf luence  of r o t a t i o n  

is q u i t e  genera l  i n  t h a t  w e  have r e t a i n e d  a l l  of the C o r i o l i s  

t e r m s  rather than making a p r i o r i  assumptions concerning their  

r e l a t i v e  magnitudes. W e  employ r i g i d  ( n o n s l i p )  top  and bottom 

boundaries,  and use p e r i o d i c  s ide  boundaries t o  r ep resen t  an 

i n f i n i t e  plane p a r a l l e l  l ayer .  These p e r i o d i c  boundaries  allow a 

w i d e  range of convective pa t te rns  t o  form i n  the l a y e r  b u t  

p rec lude  the u s e  of curva ture  i n  the geometry. Again, w e  stress 

that o u r  purpose here is t o  study a mechanism, not t o  s i m u l a t e  

any a c t u a l  atmospheric flow. 

W e  u s e  a p l a n e  p a r a l l e l  l a y e r  of f l u i d  w h i c h  is 

W e  impose an eastward zonal flow w h i c h  is cons tan t  w i t h  

depth b u t  v a r i e s  w i t h  l a t i t u d e ,  the y d i r e c t i o n ,  according t o  

2 Uo(y) = A s i n  ( ‘ R ~ / x ) .  (2.1) 

H e r e  X i s  the  l a t i t u d i n a l  extent  of the computational domain and 

A is the  amplitude of the je t .  This j e t  p r o f i l e  sa t i s f ies  the 

m a s s  con t inu i ty  and thermal energy equat ions and makes the zonal  

4 



'flow periodic so that it s a t i s f i e s  the h o r i z o n t a l  boundary 

c o n d i t i o n s -  The tap and bottom boundaries  must also p a r t i c i p a t e  

i n  t h i s  f l o w ,  so that (2.1) is satisfied on the boundaries as 

w e l l  as i n  the i n t e r i o r .  If the boundaries  w e r e  t o  remain a t  

rest.'the basic s ta te  would have a v e r t i c a l  she& i n  a d d i t i o n  t o  

the h o r i z o n t a l  shear. This added shear would complicate the 

physics and prevent  us from examining t h i s  mechanism i n  

i s o l a t i o n .  

This j e t  p r o f i l e  i s  e x t e r n a l l y  imposed and maintained. The 

s o u r c e  of the je t  is not  spec i f i ed .  I t  might be produced by t h e  

columnar convection described by B u s s e  (1976, 19831, by 

b a r o c l i n i c  processes ,  by two-dimensional t u r b u l e n t  cascades or by 

mean meridional  c i r c u l a t i o n s .  Our concern in t h i s  paper i s  w i t h  

the i n t e r a c t i o n s  between the  jet  and thermal ly  dr iven  convect ive 

motions . Although the convection cannot a l t e r  the f o r c i n g  

mechanism f o r  the j e t ,  it can a l t e r  the je t  i tself  by producing a 

mean zonal  flow w h i c h  may change the j e t  p r o f i l e .  

To be c o n s i s t e n t ,  we must also i n c l u d e  a mean p r e s s u r e  

f i e l d ,  which depends upon both l a t i t u d e  and he igh t ,  and the 

imposed force or Reynolds s t r e s s  w h i c h  maintains  the imposed j e t  

a g a i n s t  viscous d i f f u s i o n  and the Cor io l i s  force .  The r e s u l t i n g  

ba lance  can then be removed from the equat ions  f o r  the 

convect ion,  thereby leaving the  i n f l u e n c e  of the mean f l o w  in the 

advec t ive  t e r m s  only. 

W e  make the governing equations dimensionless  by using D ,  

the depth of the  l a y e r ,  as the u n i t  of l eng th ,  D2/v, the viscous 

d i f f u s i o n  t i m e ,  as the u n i t  of t i m e  and AT, the temperature  

5 



i. - . _- d i f f e r e n c e  across the ' l aye r ,  as the u n i t  of temperature.  me 

dimensionless  equat ions  are then g iven  by the m a s s  c o n t i n u i t y  

equat ion ,  

* 
(2 .2 )  au av aw - + - + - = o ,  ax ay az 

the three components of the momentum equat ion.  

- au + [u+U0] - au + V- a [u+U0] + % au - Ta s i n + v  + T,yZ c o s 4 w  a t  ax aY 

= - * + v u  2 
ax 

av av av 2 
a t  ax a Y  az a Y  - + [u+Uo] - + v- + + Ta'2 s i n + u  = - z + V V 

aw 2 aw aw + v z  + - Tav2 COS+U = - * + e T + V W ( 2 . 5 )  - 6 t  + Cu+uo1 a x  a Y  az az P r  

and the thermal energy equation, 

+ [u+uo] - aT + v- aT + w-- a CT+Tol = V2T a t  ax a Y  az 
(2.6) 

w h e r e  

4n2D4 T a  = 
v 

is the Taylor number, 

6 
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.i . '. 
is the Rayleigh number and 

V 
K 

P r  = - 

is  the P r a n d t l  number. Here n is  the r o t a t i o n  frequency, v is  

the v i s c o s i t y ,  K is the thermal d i f f u s i v i t y ,  u is the volumetr ic  

c o e f f i c i e n t  of thermal expansion and g is the g r a v i t a t i o n a l  

a c c e l e r a t i o n .  The per turbed q u a n t i t i e s  inc lude  (u t  V I  w), the 

f l u i d  velocity i n  the (x ,  y, z) d i r e c t i o n ,  p, the p res su re ,  and 

T, the temperature.  The unperturbed temperature ,  i n  these 

dimensionless  u n i t s ,  is given by 

Equations (2.2) through ( 2 . 6 )  are solved numerical ly  for  the 

pe r tu rbed  q u a n t i t i e s  subjec t  t o  the boundary cond i t ions  tha t  ( u ,  

V I  w) and T vanish a t  the top and bottom boundaries and are 

periodic i n  x and y .  The n u m e r i c a l  procedure w e  use is an 

i m p l i c i t  f i n i t e  d i f f e r e n c e  technique suggested by Chorin (1968) 

and described i n  d e t a i l  by Somerville and Gal-Chen (1979) .  T h e  

computat ional  domain is one u n i t  i n  the z (upward) d i r e c t i o n  by 

10 u n i t s  i n  the x ( e a s t w a r d )  d i r e c t i o n  by 10 u n i t s  i n  the y 

(northward)  d i r e c t i o n .  The c a l c u l a t i o n  involves  57,600 g r i d  

p o i n t s  i n  an array w i t h  25 poin ts  i n  z ,  48 p o i n t s  i n  x,  and 49 

p o i n t s  i n  y. One t i m e  s t e p  takes about  7 seconds on the CRAYl 

machines a t  the National Center for  Atmospheric Research. 

7 



Four s imula t ions  w e r e  run w i t h  the numerical code. All had 

Ra = 1048 Pr = 1.08 0 = 20°8 and A = 100. The r o t a t i o n  rate w a s  

varied f r o m  one s imula t ion  t o  the  next  w i t h  T a  .= 0 ,  1 *% 1048 3 x 
* .  

I O 4 ,  and 1 x lo5. All fou r  s imula t ions  w e r e  s tarted f r o m  rest by 

i n t r o d u c i n g  s m a l l  random p e r t u r b a t i o n s  t o  the temperature  

f i e l d .  These p e r t u r b a t i o n s  i n i t i a t e  convec t ive  motions which 

reach a s t a t i s t i c a l y  s t eady  s t a t e  a f t e r  about  300 t i m e  steps. 

Each case w a s  run for  a t o t a l  of 1000 t i m e  s t e p s .  

To determine the e f f e c t  of the convect ion on the j e t  w e  

average  the x component of t h e  momentum equat ion  (equat ion  2.3) 

over x and z t o  f i n d  

2 a u  a cu> + <-> 
3Y2 az 

2 
2 

w h e r e  

r e p r e s e n t s  an averaged quant i ty .  From l e f t  t o  r i g h t  i n  (3.1) w e  

see that t h e  average zonal  flow, < u > ,  induced by t h e  convect ive 

motions is inf luenced by t h e  divergence of t h e  momentum f l u x  

<uv> ,  the l a t i t u d i n a l  advection of the mean zonal flow, t h e  

C o r i o l i s  force  on a mean meridional flow, t h e  C o r i o l i s  force on a 

mean v e r t i c a l  flow and viscous d i f f u s i o n .  The mean zonal  

v e l o c i t y  is given by 

8 
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u = u, + <u> . ( 3 . 3 )  

’ The mean k i n e t i c  energy i n  the zonal  wind is given by 

( 3 . 4 )  
, 

W e  can determine t h e  balance t h a t  maintains  th i s  k i n e t i c  energy 

by cons ider ing  i ts  t i m e  d e r i v a t i v e  and using ( 3 . 1 )  with an  

i n t e g r a t i o n  by p a r t s .  W e  f i nd  

2 a u  2 
+ U <->I dy d <u>  + A  j [u 2 x o  dY2 az 

For a s t eady  s ta te  a balance i s  maintained between the source 

t e r m s  ( the f i r s t  i n t e g r a l  on t he  r i g h t  hand s i d e )  and viscous 

d i f f u s i o n  ( the second i n t e g r a l  on t h e  r i g h t  hand side).  T h e  

source terms i n c l u d e ,  from l e f t  t o  r i g h t ,  a countergradien t  f l u x  

OF momentum by the convective motions, a t r a n s f e r  of energy from 

the y k i n e t i c  energy component by the C o r i o l i s  fo rce ,  and a 

t r a n s f e r  of energy from the  z k i n e t i c  energy component by the  

C o r i o l i s  force .  The  important source term is the f i r s t  one s i n c e  

t h i s  r ep resen t s  a n e t  source of mean k i n e t i c  energy from the 

f l u c t u a t i n g  p a r t  of the f l o w  r a the r  than  a t r a n s f e r  be tween 

d i f f e r e n t  components of t he  mean k i n e t i c  energy. Thus, a 

9 



p o s i t i v e  c o r r e l a t i o n  

zonal  wind g rad ien t ,  

between the momentum f l u x  <uv> and the mean 

- du indica tes  that the convective motions 
dY * 

are feeding  energy i n t o  t h e  mean zonal  f l o w .  

Our a n a l y s i s  of the four  s imulat ions includes determining 
* 

the s t r u c t u r e  of the convective v e l o c i t y  and temperature f i e l d s  

fo r  each case toge ther  with ca l cu la t ions  of the mean momentum and 

energy balance.  

3a. Ta  = 0 

Figure  3 shows a three-dimensional pe r spec t ive  view of t h e  

v e l o c i t y  and temperature f i e l d s  f o r  the f i n a l  t i m e  s t e p  of the 

nonro ta t ing  case (Ta = 0 ) .  Color is used  t o  r ep resen t  

temperature  with yellow being hot and red being cold.  The 

v e l o c i t y  f i e l d  is indica ted  by the  trajectories of 700 markers 

that  are  constrained t o  move along the t h r e e  v i s i b l e  su r faces .  

Although a chevron p a t t e r n  i s  not produced by the  convection i n  

th is  case, the e f f e c t s  of the shear flow are s t i l l  q u i t e  

ev ident .  The m a x i m u m  i n  the imposed zonal flow occurs midway 

between t h e  northern and southern boundaries of t he  computational 

domain i l l u s t r a t e d  i n  Figure 3. On e i ther  s i d e  of the maximum, 

where the l a t i t u d i n a l  shear  i s  s t r o n g e s t ,  the convection forms 

elongated cells  which a r e  aligned e a s t - w e s t  w i t h  the mean flow. 

The t r a j e c t o r i e s  p l o t t e d  on the  upper s u r f a c e  show outflows from 

the hot updra f t s  and inflows along the downdrafts. Typical  

dimensionless v e l o c i t i e s  associated w i t h  the convective motions 

are about 19 f o r  t h i s  case and the heat f l u x  is 2 . 4 5  t i m e s  t h a t  

carried by thermal conduction alone. 

10 
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Figure  4 s h o w s  the averaged q u a n t i t i e s  for this nonrota t ing  -. - . -  
case. I n  add i t ion  t o  averaging over  x and z w e  have a lso 

averaged over a t i m e  per iod  covering the l a s t  half of the 

s imula t ion  i n  obta in ing  these q u a n t i t i e s .  The l e f t  hand panel  

s h o w s  the imposed zonal flow as a dotted l i n e  end the t o t a l  zonal 

f l o w  i n  the presence of convection as a solid l i n e .  The decrease  

i n  the maximum v e l o c i t y  from 100 t o  96 and the inc rease  i n  the 

minimum from 0 t o  2 s h o w s  qu i t e  r e a d i l y  that  energy and momentum 

are being extracted from t h e  imposed zonal flow. This conclusion 

is  supported by the a n a l y s i s  shown i n  the r i g h t  hand panel  of 

F igure  4. H e r e  the shear, aU/6y, is p l o t t e d  as a sol id  l i n e  and 

the momentum f l u x ,  <uv>,  i s  p lo t t ed  as a dashed l i n e .  The s t rong  

a n t i c o r r e l a t i o n  between t h e s e  t w o  q u a n t i t i e s  is  f u r t h e r  evidence 

tha t  energy i s  ex t r ac t ed  from the mean zonal wind by a down- 

g r a d i e n t  f l u x  of zonal momentum. I n t e g r a t i n g  the product  of 

these t w o  q u a n t i t i e s  over y g ives  a n e t  rate of loss of zonal 

k i n e t i c  energy of -923 w h i l e  the mean zonal k i n e t i c  energy l e v e l  

i s  1875. 

4 3b. Ta = 1 x 10 

Figure 5 shows t h e  temperature and v e l o c i t y  f i e l d s  f o r  the  

Although a chevron p a t t e r n  is r o t a t i n g  case w i t h  T a  = 1 x l o 4 .  
no t  w e l l  formed there is some suggest ion of one. Where the shear  

is  s t rong  the convective r o l l s  t e n d  t o  be angled i n  the s a m e  

s e n s e  as i l l u s t r a t e d  i n  Figure 1, e s p e c i a l l y  on the northern edge 

of the j5-t. T h e  f l u i d  motions show s o m e  tu rn ing  by the C o r i o l i s  

f o r c e  b u t  s u b s t a n t i a l  flows p a r a l l e l  t o  the axes of the 

11 



-. convec t ive  rolls  are no t  obvious. 

are about  15 and the h e a t  f l u x  is reduced t o  1.95 t i m e s  the 

Typical convective v e l o c i t i e s  
.- 

conduct ive heat f lux.  

F igure  6 shows the averaged q u a n t i t i e s  for  t h i s  r o t a t i n g  

case. The mean zonal flow is  near ly  equal  t o  me imposed zonal 

flow except  near the jet minima w h e r e  the mean f l o w  becomes a 

weak w e s t w a r d  flow. The mean shear and the momentum f l u x  p l o t t e d  

i n  the r i g h t  hand panel  do not  appear t o  be w e l l  correlated. 

However, the i n t e g r a l  of their  product g ives  a s m a l l  n e t  r a t e  of  

g a i n  of zonal k i n e t i c  energy of +48 for  a mean zonal k i n e t i c  

energy of 1875. 

For this r o t a t i n g  case we must also consider  the C o r i o l i s  

t e r m s  i n  the balance equations (3.1) and ( 3  - 5 )  . The C o r i o l i s  

f o r c e  a c t i n g  on a mean meridional flow or a mean v e r t i c a l  flow 

can also a l te r  the momentum and energy i n  the mean zonal wind. 

W e  f i n d  tha t  the mean meridional flow, <v>, is extremely s m a l l .  

Although weak mer id iona l  c i r c u l a t i o n s  are induced ,  they have 

o p p o s i t e l y  d i r ec t ed  flows i n  the  upper and lower halfs  of the 

l a y e r  w h i c h  cancel t o  g ive  C V >  - 0. There is ,  however, a mean 

v e r t i c a l  flow, <w>,  assoc ia ted  w i t h  these induced c i r c u l a t i o n s .  

Thus, i n  equation (3.1) for the mean zonal  momentum the t w o  

important  t e r m s  a r e  the m o m e n t u m  f l u x  divergence, a <uv>/ay,  and 

the Coriol is  force,  Tav2 cosQ<w>, on the mean v e r t i c a l  f l o w .  

These t w o  q u a n t i t i e s  a r e  p lo t ted  as func t ions  of y i n  Figure 7. 

For t h i s  case these mean q u a n t i t i e s  appear t o  be noisy and 

i n s i g n i f i c a n t  w i t h  the exception of mean v e r t i c a l  flows near the 

j e t  minima w i t h  r i s i n g  motions on the southern edge and s inking  

12 
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motions - t o  the north.  These mean v e r t i c a l  flows tend t o  produce 

a w e s t w a r d  f l o w  near the southern edge and an eastward f l o w  t o  

the north as is seen i n  the mean zonal  f l o w  p l o t t e d  i n  Figure 

6 .  The n e t  rate of loss of mean zonal k i n e t i c  energy due to  t h i s  

Coriol is  term is -67. . 

3c. Ta = 3 x lo4 

Figure  8 shows the ve loc i ty  and temperature f i e l d s  f o r  t h e  

moderately r o t a t i n g  case with T a  = 3 x lo4 .  H e r e  a chevron 

p a t t e r n  is f a i r l y  w e l l  e s tab l i shed .  The convection forms a 

herr ingbone p a t t e r n  around the  je t  maximum w i t h  s l a n t e d  rolls in 

the reg ions  of s t rong  shear  on e i t h e r  side. A motion p i c t u r e  w a s  

produced of t h e  t i m e  evolut ion of t h e  convection. I t  shows t h e  

wavelike cells i n  the je t  maximum propagat ing eastward a t  about 

the flow speed of the  jet  maximum. The s l a n t e d  convection ro l l s  

on e i t h e r  side of t h e  maximum a re  c o n t i n u a l l y  sheared by the  flow 

and repea ted ly  detached and then reconnected with t h e  waves i n  
0 

the je t  max imum.  The flow within t h e s e  convective e l e m e n t s  is  

turned  by t h e  C o r i o l i s  fo rce  to produce s u b s t a n t i a l  f l o w s  along 

t h e  axes of these  f ea tu res .  The t y p i c a l  convective v e l o c i t i e s  i n  

th is  case a r e  about 11 and t h e  dimensionless h e a t  f l u x  is  1.60.  

The averaged q u a n t i t i e s  for t h i s  ca se  a r e  shown i n  Figure 

9. There is a s t ronger  eastward f l o w  j u s t  t o  the  nor th  of t h e  

j e t  m a x i m u m  and a w e s t w a r d  flow is produced a t  the minimum. 

There appears t o  be a f a i r l y  strong p o s i t i v e  c o r r e l a t i o n  be tween 

t h e  m o m e n t u m  f l u x  and t h e  veloci ty  g rad ien t  a s  shown i n  t he  r i g h t  

hand panel .  The i n t e g r a l  of the product of t hese  t w o  q u a n t i t i e s  
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g i v e s  a n e t  rate of gain of mean zonal k i n e t i c  energy of +259. 

This r e s u l t  i n d i c a t e s  that energy and m o m e n t u m  are being fed i n t o  

the mean zonal  wind by t h i s  counter g r a d i e n t  f l u x  of zonal  

momentum. 

: I n  this case,  as i n  the previous one, the'mean meridional  

flow, <v># is i n s i g n i f i c a n t ,  but the mean v e r t i c a l  flow p lays  a 

s u b s t a n t i a l  ro l e .  The momentum f l u x  divergence and the C o r i o l i s  

term are p l o t t e d  f o r  comparison i n  F igure  10. B o t h  are 

s i g n i f i c a n t ,  but they  tend t o  be opposed t o  one another .  The 

Cor io l i s  term appears t o  dominate, a l though weakly, i n  s e v e r a l  

places. The C o r i o l i s  t e r m  appears t o  be l a r g e l y  respons ib le  f o r  

t h e  w e s t w a r d  flow i n  t h e  j e t  m i n i m u m  w h e r e  t h e  momentum f l u x  

divergence vanishes.  The eastward flow on t h e  northern edge of 

the j e t  m a x i m u m  can be a t t r i b u t e d  t o  a p o s i t i v e  correlation 

between the two d r iv ing  terms a t  t h a t  l oca t ion .  For the mean 

k i n e t i c  energy, t h i s  C o r i o l i s  term g ives  a n e t  ra te  of gain of 

k i n e t i c  energy of +113. 

5 3d. T a  = 1 x 10 

The ve loc i ty  and temperature f i e l d s  f o r  t h e  r a p i d l y  r o t a t i n g  

5 case with T a  = 1 x 10 a r e  shown i n  F igure  11. I n  th is  case,  a 

n e w  phenomenon appears.  The convection is confined t o  the region 

of the jet maximum.  T h i s  e f f e c t  can be a t t r i b u t e d  t o  t h e  t i l t e d  

r o t a t i o n  vector .  Hathaway and Somerville (1983) showed t h a t  t h e  

t i l t e d  r o t a t i o n  vector  favors convection i n  t h e  form of r o l l s  

a l igned  north-south,  p a r a l l e l  t o  the h o r i z o n t a l  component of t h e  

r o t a t i o n  vector .  T h e  previous cases i n d i c a t e  t h a t  t h e  h o r i z o n t a l  

14 
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.'+shear on either s i d e  of the j e t  maximum favors  convection i n  t h e  

form of ro l l s  a l igned  w i t h  the  shear. W e  propose that  for  this  

r a p i d l y  r o t a t i n g  case t h e  convection is s t a b i l i z e d  i n  these  

r eg ions  by the competit ion between the shear flow and t h e  t i l t e d  

r o t i t i o n  vec tor  f o r  opposing roll o r i e n t a t i o n  THathaway and 
8 

Somervi l le t  1985, 1986). The s t a b i l i z i n g  e f f e c t  of r o t a t i o n  i s  

also evident  i n  t h e  slower convective v e l o c i t i e s  of 6 and t h e  

weaker heat f l u x  (1.19 i n  dimensionless u n i t s ) .  

The  averaged q u a n t i t i e s  for t h i s  ca se  are p l o t t e d  i n  Figure 

flow on t h e  northern edge of the. j e t  maximum and l i t t l e  change 

from t h e  imposed flow elsewhere. The r i g h t  hand panel  shows t h a t  

there is  a p o s i t i v e  c o r r e l a t i o n  between the momentum f l u x  and t h e  

v e l o c i t y  grad ien t .  me in teg - ra l  of the product of these t w o  

q u a n t i t i e s  gives  a rate of gain of k i n e t i c  energy of +68. This 

i s  much smaller than i n  t h e  previous case as might be expected 

from t h e  weakened convection. 

Figure 13 shows the momentum f l u x  divergence and t h e  

C o r i o l i s  term f o r  t h i s  case. Again, t h e s e  q u a n t i t i e s  a r e  

a n t i c o r r e l a t e d  and the Cor io l i s  t e r m  appears t o  be s l i g h t l y  

s t r o n g e r .  The eastward f l o w  that  is induced on the northern edge 

of the j e t  maximum is t h e  p r o d u c t  of a local p o s i t i v e  c o r r e l a t i o n  

between these  two sources of zonal m o m e n t u m .  I n  s p i t e  of t h e  

apparent  s t r eng th  of t h i s  Cor io l i s  t e r m  i n  t h e  momentum balance,  

w e  f i n d  t h a t  it plays a l e s se r  r o l e  i n  the k i n e t i c  energy 

balance. The r a t e  of loss of mean zonal k i n e t i c  energy due  t o  

t h i s  term i s  -3. 

15 



The r e s u l t s  of the ana lys is  for these four  s imula t ions  are 
-. - 
summarized i n  Table 1. The top l i n e  i n d i c a t e s  the Taylor number 

or r o t a t i o n  rate for  each of the cases s tudied .  The second l i n e  

g ives  the magnitude of the convective v e l o c i t i e s  for  each case. 

The t h i r d  l i n e  g ives  the dimensionless heat f l q x  (Nusse l t  

number) . The four th  l i n e  gives the rate of gain or loss of mean 

zonal  k i n e t i c  energy due  t o  the convective momentum f l u x  and the 

las t  l i n e  g ives  the rate of change of mean zonal k i n e t i c  energy 

due t o  the C o r i o l i s  force on the induced mean v e r t i c a l  motions. 

Severa l  t rends  can be seen i n  th i s  data. The convect ive 

v e l o c i t i e s  and the heat f l u x  are diminished as the r o t a t i o n  rate 

is increased  from one case t o  the next across  Table 1. This 

i l l u s t r a t e s  the s t a b i l i z i n g  e f f e c t  of r o t a t i o n  on the convection 

(e.g.  Hathaway and Somerville,  1983).  The convective momentum 

f l u x  g ives  a rap id  loss of mean zonal k i n e t i c  energy f o r  Ta  = 0 

b u t  g ives  inc reas ing ly  l a r g e r  gain r a t e s  f o r  Ta  = 1 x l o4  and Ta 

= 3 x lo4 .  
because of the weaker convection for that  case.  

The rate  of gain decreases f o r  Ta = 1 x lo5 pr imar i ly  

A systemmatic t r end  is not  ev ident  i n  the rate of change of 

mean zonal  k i n e t i c  energy due  to the Cor io l i s  fo rce  on the mean 

v e r t i c a l  f l o w .  

k i n e t i c  energy t h a t  is  s l i g h t l y  g r e a t e r  t han  the r a t e  of gain d u e  

t o  the momentum f l u x .  For Ta = 3 x lo4  it becomes a source of 

k i n e t i c  energy t h a t  augments the gain d u e  t o  the momentum f l u x .  

For Ta = 1 x lo5 it gives  a loss again,  a lbe i t  a s m a l l  loss 

compared t o  the gain by the momentum flux. 

For T a  = 1 x lo4 it g ives  a r a t e  of loss of 



-4 CONCLUSIONS 
-. - 

W e  have used a three-dimensional and time-dependent 

numerical  model t o  s i m u l a t e  convection i n  the presence of a jet-  

l i k e  zonal f l o w .  W e  f i n d  that r o t a t i o n  p l ays  a v i t a l  role i n  the 

dynamics . Without  r o t a t i o n  the convect ive motions e x t r a c t '  energy 

and momentum from th'e mean zonal flow. W i t h  ro ta t ion the 

convect ive mot ions  feed energy and momentum i n t o  the mean flow. 

Anisotropy i n  the convection is  an ins t rumenta l  p a r t  of th i s  

i n t e r a c t i o n  between the per turba t ions  and the mean flow. T h e  

shape of the convection cells  is inf luenced by both the zonal 

flow and the t i l t e d  r o t a t i o n  vector.  Hathaway and Somerville 

(1983 1 showed t h a t  the t i l t e d  r o t a t i o n  vec tor  favors  convection 

i n  the form of rolls or i en ted  nor th-south ,  p a r a l l e l  t o  the 

r o t a t i o n  ax i s .  Here we  f i n d  tha t  i n  the absence of r o t a t i o n  the 

h o r i z o n t a l  shear i n  the zonal f l o w  favors  convection in the form 

of r o l l s  o r i e n t e d  east-west8 p a r a l l e l  t o  the zonal f l o w .  For the 

f i rs t  t w o  r o t a t i n g  cases, w i t h  Ta = 1 x l o4  and Ta  = 3 x l o 4 ,  

these two processes  produce convection i n  the form of a chevron 

or herr ingbone pa t t e rn .  

1 x l O S 8  the competit ion between these t w o  processes  tends t o  

s t a b i l i z e  the convection where the shear i s  s t rong ,  leav ing  

north-south or ien ted  convective rolls w h e r e  the shear  vanishes .  

For the r ap id ly  r o t a t i n g  case, w i t h  Ta  = 

T h e  f l u i d  flows wi th in  these a n i s o t r o p i c  convective p a t t e r n s  

d r i v e  l a r g e  s c a l e  c i r cu la t ions .  As described by Hathaway and 

Somervi l le  (19831, a mean flow w i t h  ver t ical  shear is produced i n  

the presence of t he  t i l t e d  ro ta t ion  vec tor  a lone.  This flow is 

directed to  the southeas t  along the bottom of the l aye r  and t o  

17 
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._ .the northwest along the top. Since the v e r t i c a l  average of this 

flow is  zero it does not  con t r ibu te  t o  the dynamics of the zonal  
I 

j e t .  However, superimposed on this flow is  a series of 

meridional  c i r c u l a t i o n s  w i t h  r i s i n g  motions on the southern edges 

of the j e t  maximum and minimum and s i n k i n g  mot+*ons on the 

nor the rn  edges. The C o r i o l i s  fo rce  on these induced mean 

v e r t i c a l  motions is important for the zonal  jet. E a s t w a r d  f l o w s  

are produced i n  the downdrafts and w e s t w a r d  flows are produced i n  

the updraf t s  . 

- .. 

The convective motions can also feed  energy and momentum 

d i r e c t l y  i n t o  the mean zonal flow by the mechanism i l l u s t r a t e d  i n  

F igure  1. The C o r i o l i s  force  t u r n s  the convective flow t o  

in t roduce  a ve loc i ty  component along the axes  of the convective 

rolls. I f  the convection forms a herringbone p a t t e r n ,  th is  g ives  

a counter-gradient  f l u x  of momentum w h i c h  enhances the mean zonal  

flow. The combined e f f e c t s  of r o t a t i o n  and the shear  flow i t s e l f  

consp i r e  t o  produce t h i s  herringbone p a t t e r n .  The shear  flow 

f a v o r s  convective rolls aligned w i t h  the shear w h i l e  r o t a t i o n  

f avor s  convective rolls aligned w i t h  the t i l t e d  r o t a t i o n  

vec to r .  When both of these e f f e c t s  are of s i m i l a r  magnitude the 

convect ive r o l l s  a r e  t i l t e d  from a north-south o r i e n t a t i o n  and 

ang le  i n t o  the  je t  streams t o  produce the herringbone p a t t e r n  and 

the counter-gradient f l u x  of zonal momentum. 

This e f f e c t  may be evident i n  the cloud motions i n  J u p i t e r ' s  

atmosphere (Beebe e t  a l . ,  1980; Ingersol l  e t  a l . ,  1981; Sromovsky 

e t  a l . ,  1982). A d i s t i n c t  chevron p a t t e r n  is v i s i b l e  i n  the 

clouds surrounding the prominent eastward j e t  a t  about 23' nor th  
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- i ' l a t i t u d e  as shown i n  Figure 14. The ana lyses  of the cloud 

motions i n  t h i s  reg ion  ind ica t e  the presence  of a counter- 

g r a d i e n t  f l u x  Of momentum. 

these cloud motions i s  uncertain,  thermal convection and the 

e f f e c t s  seen  i n  these simulations m a y  play a< important role. 

Although the source and na tu re  of 

The convect ive p a t t e r n s  and the dynamical p r o p e r t i e s  of the 

f l o w s  produced i n  these idea l ized  s imula t ions  are f u r t h e r  

evidence that  convection can do much m o r e  t han  simply t r a n s p o r t  

heat i n  stars and p l ane t s .  The effects o f  r o t a t i o n  and the 

i n t e r a c t i o n s  between convection and l a r g e  scale mean f l o w s  can 

have impor t an t  consequences f o r  the g l o b a l  c i r c u l a t i o n  p a t t e r n s  

of these a s t r o p h y s i c a l  objects .  

19 



One of us (Hathaway) was employed by the National Solar 

Observatory of the National Optical Astronomy Observatories 

(NOAO) during much of this work'. 

Associaton of Universities for Research in Astronomy, Inc., under 

contract AST 78-17292 with the National Science Foundation. We 

are grateful for their support of this project. 

described in this paper were done on the CRAY computers at the 

National Center for Atmospheric Research (NCAR). We wish to 

thank NCAR and its Scientific Computing Division for their grant 

NOAO is op9rated by the 

The calculations 

of this machine time. The research was also supported in part by 

the California Space Institute of the University of California. 

20 

. ..: .':.a' ... . 



Beebe, R. F.0 IngerSOll, A. P.8 Hunt, G. E., Michell, J. L., and 

Mueller, J. P.8 "Measurements of wind vectors, eddy momentum 

transports, and energy conversions in JupitFr's atmosphere from 

Voyager 1 images," Geophys. Res. Lett. 7 8  1-4 (1980). 

Busse, F. H . 0  "A simple model of convection in the Jovian 

atnosphere," Icarus 29, 255-260 (1976). 

Busse, F. H.0 "Thermal convection in rotating systems," Proc. 9th 

U . S .  Sat. Cong. A p p l .  Mech., Amer. SOC. Mech. Eng., New York, 

299-305 (1982) 

Busse, F .  H., "Generation of mean flows by the thermal 

convection, " Physics 9D, 287-299 (1983a). 

Busse ,  F .  H.0 "A model of mean zonal flows in the major planets," 

Geophys. Astrophys. Fluid Dynamics 23, 153-174 (1983b) . 

Chorin, A. J. 8 "Numerical solutions of the Navier-Stokes 

equations, 'I Math. Comput. 22, 743--762 (1968). 

DeCampli, W. M. and Cameron, A.G.W., "Structure and evolution of 

isolated giant gaseous protoplanets," Icarus 38, 367-391 

(1979). 

21 



4 
.Gilman, P. A = ,  "Nonlinear dynamics of Boussinesq convection in a 

deep rotating spherical shell-I" Geophys . Astrophys . Fluid 
-. - - 

. 
Dynam.  8,  93-135 (1977)- 

Gilman, P. A. and Miller, J., "Nonlinear convection of a 

compressible fluid in a rotating spherical shell" Astrophys . 
J. Suppl. in press (1986). 

Glatzmaier, G. A., "Numerical simulations of stellar convective 

dynamos. I. The model and the method", J. Comp. Phys. 55, 461- 

484 

Graboske, H. C., Pollack, J. E., Grossman, A. S., and Olness, 

R. J., )'The structure and evolution of Jupiter: The fluid 

contraction stage," Astrophys. J. 199, 265-281 (1975). 

Hathaway, D. H. and Somerville, R.C. J., "Three-dimensional 

simulations of convection in layers with tilted rotation 

vectors," J. Fluid Mech. 126, 75-89 (1983). 

Hathaway, D. H. and Somerville, R.C.J., "Numerical simulations in 

three space dimensions of time-dependent thernal convection in 

a rotating fluid," Lect. Appl. Math. 22, 309-319 (1985). 

Hathaway, D. H. and Somerville, R.C. J., "Nonlinear interactions 

between convection, rotation, and flows with vertical shear, 

J. Fluid Mech. 164, 91-105 (1986). 

22 



. 
'iftubbard, W. B. and Smoluchowski, R., "Structure of Jupiter and 

Saturn," Space Sci. Rev. 14, 599-662 (1973). 

Hubbard, W. B. and Horedt, G .  P., "Computation of Jupiter's 

interior models from gravitational inversios theory," Icarus 

54, 456-465 (1983). 

Ingersoll, A. P., Beebe, R. F., Mitchell, J. L., Garneau, G. W., 

Yagi, G. Y. ,  and Mueller, J. P., "Interactions of eddies and 

mean zonal flow on Jupiter as inferred from Voyager 1 and 

Voyager 2 images," J. Geophys. Res. 86, 8733-8743 (1981). 

Ingersoll, A. P. and Pollard, D., "Motion in the interiors and 

atmospheres of Jupiter and Saturn: Scale analysis, anelastic 

equations, barotropic stability criterion," Icarus 52, 62-80 

(1982). 

Slattery, W. L., "The structure of the planets Jupiter and 

Saturn," Icarus 32, 58-72 (1977). 

Somerville, R.C.J. and Gal-Chen, T., "Numerical simulation of 

convection with mean vertical motion," J. Atmos. Sci. 36, 805-  

815 (1979). 

Sromovsky, L. A., Revercomb, H. E., Suomi, V. E., Limaye, S. S., 

and Krauss, R. J., "Jovian winds from Voyager 2. Part 11: 

Analysis of eddy transports," J. Atmos. Sci. 39, 1433-1445 

(1982). 

23 



Figure  1. Schematic i l l u s t r a t i o n  showing how convection might 

i n t e r a c t  w i t h  a jet-like mean f l o w .  P a r t  a s h o w s  convection i n  a 

chevron or  herringbone p a t t e r n  i n  the absence of r o t a t i o n .  The 

convect ive motions c a r r y  f l u i d  direct ly  f r o m  w a r m  updra f t s  t o  

cold downdrafts. Momentum i s  ex t r ac t ed  from the mean flow by 

.* 

7 

these motions. P a r t  b shows the  effect  of r o t a t i o n  on the 

along the axes of the convective rol ls .  H e r e  momentum is  fed 

i n t o  the mean flow. 

F igure  2.  The geometry and o r i e n t a t i o n  of the computational 

domain. The p lane-para l le l  Layer is  pos i t i oned  tangent  t o  the 

s p h e r i c a l  she l l  a t  a l a t i t u d e  4 so t ha t  the r o t a t i o n  vector  is 

t i l t e d  from the v e r t i c a l .  The x-d i r ec t ion  is eastward, the y- 

d i r e c t i o n  is northward, and the z -d i r ec t ion  is  upward. 

Figure 3 .  The v e l o c i t y  and temperature f i e l d s  for the 

nonro ta t ing  case,  Ta = 0. Tempera ture  is represented by co lo r  

w i t h  yellow being ho t  and red be ing  cold. T h e  convect ive 

v e l o c i t y  f i e l d  is i l l u s t r a t e d  by the t r a j e c t o r i e s  of small 

markers. The imposed flow is cons tan t  w i t h  depth and vanishes a t  

the southern and northern boundar ies .  I t  has its maximum 

eastward ve loc i ty  midway between these two boundaries.  O n  e i ther  

s ide  of the j e t  maximum the  convection forms r o l l s  w h i c h  tend t o  

be a l igned  w i t h  the  shear  f l o w .  
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' Figure  4. The mean q u a n t i t i e s  for the case w i t h  Ta = 0. The 

imposed zonal  f l o w  is represented by the d o t t e d  l i n e  i n  the l e f t  

hand panel .  The mean zonal  flow i n  t h e  presence of convection is 

represented  by the solid l ine .  

weaker than  the imposed flow. The r i g h t  hand panel  shows the 

The mean f l o w  is no t i ceab ly  
* 

momentum f l u x  <uv> as a dashed l i n e  and the g r a d i e n t  of the mean 

f l o w  as-.a s o l i d  l i n e .  The a n t i c o r r e l a t i o n  of these t w o  

q u a n t i t i e s  i n d i c a t e  t h a t  momentum and energy are e x t r a c t e d  from 

the imposed flow by a downgradient f l u x  of momentum i n  the 

convection. 

F igure  5 .  The v e l o c i t y  and temperature f i e l d s  f o r  the r o t a t i n g  

case w i t h  T a  = 1 x l o 4 .  The convect ive r o l l s  are  narrower than  

i n  t he  nonro ta t ing  case and s h o w  a tendency T t o  be s l a n t e d  i n  the 

d i r e c t i o n  of  t h e  shear. 

F igure  6. The mean q u a n t i t i e s  fo r  the  ro ta t ing  case w i t h  T a  = 1 

x l o 4 .  

s l i g h t l y  changed from the  imposed flow. T h e  r i g h t  hand panel  

shows a w e a k  c o r r e l a t i o n  between the m o m e n t u m  f l u x  and the  

g r a d i e n t  of the mean flow which  sugges ts  a countergradien t  f l u x  

of momentum is produced by the  e f fec ts  of r o t a t i o n  on the 

convection. 

The l e f t  hand panel shows that t%e mean flow is  only 
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' Figure  7 .  A comparison of the momentum f l u x  divergence, do t t ed ,  

l i n e ,  and the Cor io l i s  force  on the induced mean ver t ical  f l o w  

for  the case w i t h  Ta  = 1 x lo4.  B o t h  t e r m s  are f a i r l y  w e a k  and 

no i sy  except  f o r  the Coriolis f o r c e  on the mean v e r t i c a l  motions 

around the je t  minimum. 
.* 

Figure  8 .  The v e l o c i t y  and temperature  f ields f o r  the r o t a t i n g  

c a s e  w i t h  Ta = 3 x lo4.  The convection forms a f a i r l y  d i s t i n c t  

chevron o r  herringbone pa t t e rn .  The C o r i o l i s  f o r c e  t u r n s  the 

convect ive flow t o  produce s u b s t a n t i a l  flows along the axes  of 

these features. This produces a f l u x  o f  momentum i n t o  the mean 

flow. 

F igure  9. The mean q u a n t i t i e s  for  the r o t a t i n g  case w i t h  T a  = 3 

x l o 4 .  
f l o w .  The momentum f l u x  i s  w e l l  c o r r e l a t e d  w i t h  the  g r a d i e n t  of 

the mean flow. This i nd ica t e s  t ha t  a countergradien t  f l u x  of 

The mean f l o w  i s  d e f i n i t e l y  s t r o n g e r  than  the imposed 

momentum i s  produced by t h e  e f f e c t s  of r o t a t i o n  on the 

convection. 

F i g u r e  10. A comparison of the momentum f l u x  divergence and the 

Cor io l i s  force  on t h e  mean v e r t i c a l  f l o w .  Both t e r m s  are  

s u b s t a n t i a l  and t end  t o  be opposed to each o t h e r .  
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F i g u r e  11. The ve loc i ty .  and temperature f i e l d s  f o r  the r a p i d l y  

r o t a t i n g  case w i t h  Ta 

i n  the v i c i n i t y  of t h e  je t  maximum and forms a series of cel ls  

1 x lo5. The convection is concentrated 

that  are elongated i n  the north-south d i r e c t i o n .  

. 
Figure  12. The mean q u a n t i t i e s  for the r a p i d l y  r o t a t i n g  case 

w i t h  Ta = 1 x 10'. 

v i c i n i t y  of the j e t  maximum b u t  is  n e a r l y  equal  t o  the imposed 

flow elsewhere. The momentum f lux  and the g rad ien t  of the mean 

zonal  flow are correlated but  t h e  f l u x  is  not  as s t rong  a s  i n  the 

The mean zonal f l o w  is enhanced i n  the 

m o r e  s lowly r o t a t i n g  case. 

F igure  13 A comparison of the momentum f l u x  divergence and the 

Cor io l i s  force  on the mean v e r t i c a l  f l o w .  Both sources  of zonal 

momentum are s t rong  bu t  they tend t o  be opposed t o  each o the r .  

F igure  14. A chevron-like cloud p a t t e r n  seen in J u p i t e r ' s  north 

temperature  be l t  by Voyager 2. The nor th  temperature c u r r e n t  

runs east-west through the center  of th is  region w i t h  wind speeds 

near 130 m / s .  
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